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Lately IV-VI semiconductors with a narrow band-gap and with a number of 
free carriers have become the object of great concern such as about the band 
structure and phase transition associated with a softening of the transverse 
optical phonon. In addition, these materials have proved to be a good host 
matrix in the study of the effect of the magnetic impurities on various properties 
--magnetic properties, electron paramagnetic resonance, and transport proper-
ties of the carriers, on which we have reviewed in this article. These phenom-
ena are mostly understood in terms of the s-d exchange interaction between 
the localized magnetic impurities and the conduction carriers in much the same 
way as the magnetic dilute alloys (metals). 
1 . Introductin 
Although a clear definition is not given, the semiconductors that have a relatively 
narrow band-gap (Eg~10-leV) and involve a large number of conduction carriers 
are usually called as the narrow-gap semiconductors.l-a) These include III-V semi-
conductors such as InSb, II-VI semiconductors like Cdl-xHgx Te, and IV-VI semicon-
ductors as listed in Table I with which we are here concerned. In general IV-VI 
semiconductors crystallize in a NaCI structure, and for these materials extensive 
studies have been carried out on the band structure and the band-inversion by 
alloying the two component semiconductors, in a lattice dynamical aspect a phase 
transition associated with a softening of a TO phonon,4) and optical applications 
such as detectors or laser devices in the infrared region. 5) 
On the other hand, an increasing interest is lately taken on the magnetic impuri-
ties (localized ions having a magnetic moment) dissolved in these host crystals. The 
purpose is to investigate the interaction between the conduction carriers and the 
magnetic impurities as in a magnetic dilute alloy; in other words, it is to study the 
change in the electrical and magnetic properties by alloying the semiconductors with 
some magnetic materials such as antiferromagnetic MnTe--the study of magnetic 
semiconductor. In the case of typical dilute alloy Cmetal)--the Fermi energy EF 
t This work is partly published in Butsuri 31 (1976) 357 [in JapaneseJ. 
* Dept. of Applied physics. 
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<=::::5 eV and electron concentration n<=::::1022 cm- 3--the magnetic ions are immersed in 
the so-called "the sea" of the conduction electrons, and now the fundamental mecha-
nism of the interaction between them has been well understood along with the Kondo 
effect. In the case of narrow-gap semiconductors, on the contrary, there exist many 
carriers (electrons or holes) compared with a common semiconductor, and one of 
the characteristics of the semiconductor is that one can vary the carrier density or 
the Fermi energy. 
Futhermore, Table I shows that these materials have an ionic or a covalent nature 
Table L Various parameters of IV-VI semiconductors; lattice constant a, 
band gap Eg at 300 K, optial dielectric constant (;"'" static dielectric 
constant (;s, ionicity parameter Ii, HFS constant A of Mn2 + ion, and 
Debye temperature fJD. 
a*> E g**) (;",,**> es**> /i**> A fJD***> 
(A) (eV) (xlO-4cm-l) (K) 
PbS 5.936 0.41 17.2 202 0.83 71.814> 195 
PbSe 6.124 0.29 22.9 284 0.77 67.614) 135-160 
PbTe 6.454 0.32 32.8 424 0.74 61.214) 124, 11019) 
SnTe 6.313 0.20 45 1280 0.61 56.019) 1357) , 20019) 
GeTe 0.1 36 0.62 
*) R. C. Wead ed.: Handbook 01 Chemistry and Physics (Chemical Rubber Co., 
Cleveland, 1970), 51st. ed. 
**) ref. 4. 
***) D. E. Grayed.: American Institute 01 Physics Handbook (McGraw-Hill, New 
York, 1972), 3rd. ed. 
in the chemical binding as described later, and they possess considerably large 
dielectric constants. In effect, they belong to an intermediate category between a 
metal and an insulator from the standpoint of the electrical or chemical properties. 
Thus far Mn atoms (solid solution with MnTe) have been extensively studied as 
the magnetic impurities. The mole fraction x in the expression, say (SnTe)l_x 
(MnTe)x, means that the Mn content in SnTe is x. 
As an example of the band structure of IV-VI semiconductors, we show in Fig. 1 
the case of SnTe compiled by Ota and Rabii 0. Nonmetals 1 (1973) 117J. They 
observed the normal reflectance and transmittance of the material in the infrared 
region. The observed carrier concentration dependences of the optical absorption 
edge and the electric susceptibility mass were analyzed to investigate the band struc-
tures proposed by several authors. The probable model is concluded to be the case 
of Fig. 1 (d) for the conduction and valence bands. 
71\'1 rlRST BAND (Porobolicl miIO.IIS .... 
~----~--------~---- ~ 11101 11111 
4) 
T: 300 k 
FIr&t conduction 
Band 
FitSl Valence 
Band 
E 
cJ.) 
SECOND BAND 
(Porobo!ic I Hlo'tt Mau) 
"'t=-O. 35rne 
~ ____ -L ____ ~ __ K 
11101 llill 
b) 
e) 
TcU)~transvenl 
LeU): longiluciina[ 
TvtZ'j Iranlve,.C' 
c..) 
I 
L·ttl,I,II 
Fig.!. Energy band models for SnTe compiled by Y. Ota and S. Rabii (1. 
Nonmetals 1 (1973) 117J: a) Model by H. Koehler; Z. angew. Phys. 
23 (1967) 270. b) Model by L. M. Rogers; Brit. J. appl. Phys. D 1 (1968) 
845. c) Model by R. Tsu, W. E. Howard and L. Esaki; Phys. Rev. 172 
(1968) 3. d) Model by Y. W. Tung and M. L. Cohen; Phys. Rev. 3 
(1971) 1254. e) Model by S. Rabii; Phys. Rev. 182 (1969) 821. 
2. Magnetic properties 
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One may first ask the question as to in what state the magnetic impurities are 
when they are dissolved in these crystals. The magnetic susceptibility measure-
ments~,7l have revealed that in the Snl_xMnx Te alloy system the Mn ions order 
ferromagnetically for x>O.005, while no magnetic ordering is observed for x<O.005. 
In Fig. 2 are shown the susceptibility data of Sno.97-xMnxTe obtained by Mathur et 
al.:7l in the paramagnetic region where Curie-Weiss behavior is observed, the para-
magnetic Curie temperature (j is found to be positive, and at lower temperatures 
the crystals become ferromagnetic. They also show that the paramagnetic ordering 
temperature (j increases linearly with Mn content as shown in Fig. 3 and it depends 
slightly on the carrier concentration (Fig. 2b). 
In addition, the values of (j for Snl_xMnxTe (O.0048<x<O.16) are in good agree-
ment with the ferromagnetic Curie temperatures which are determined by the 
magnetization measurements:6l Cohen et ale measured the magnetization O'(emu/g) 
of the alloys at 4.2 K as a function a magnetic field, as shown in Fig. 4. These 
results show evidently the ferromagnetic nature of this alloy. They conclude that the 
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Fig. 2. Reciprocal magnetic susceptibility I/x of SnO.97-X MnxTe 
as a function of temperature T;7) a) for samples with 
equal carrier density n but different manganese contents 
and b) for samples with x=O.03 and x=O.l when the 
carrier density varies. 
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Fig. 4. 
2 Z 
H~ ( 1110'1 De) 
Magnetization (J of Snl-xMnxTe 
alloy at 4.2 K as a function of 
the external magnetic field.6) 
appearance of a ferromagnetism for x<10- 2 indicates the existence of a long-range 
interaction between the Mn ions via the conduction carriers. Also they determined 
the saturation magnetic moment at 0 K by extrapolating the magnetic field to in-
finity for 1/R2 from the observed curve a(R, T) between 2 and 4 K, the saturation 
moment aos being approximately 5,uB of Mn2 + ion. In this material no hysteresis 
phenomena were observed, since the magnetization curve passed through the origin 
(Fig. 5a). The slope of Fig. 5a at weak field is plotted against the temperature in 
Fig. 5b, from which the ferromagnetic Curie temperature Tc of the alloy can be 
determined. The magnetic ordering temperatures () and Tc increase linearly with x, 
as given in Fig. 6, indicating that Mn atom is in the state of solid solution in SnTe. 
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Fig. 5. (a) Magnetization curve for x=O.159 at 4.2 K. (b) The 
coefficient dd/dH at weak field as a function of tem-
perature for various x, from which the ferromagnetic 
Curie temperatures can be determined (after ref. 6). 
These data6 ,71 indicate that the Mn 
atom is in an S-state, corresponding to a 
spin of 5/2 (indicative of Mn2 + ion); this 
is also confirmed by the EPR studies on 
Mn-doped SnTe. It is to be noted that 
the validity of the linear relationship of 
the l/x-T curve over a wide range of 
temperatures indicates the homogeneous 
solubility of Mn in their samples (x< 
0.16), showing no existence of magnetic 
precipitates such as MnTeY However, in 
the Bridgman-grown SnTe crystals there 
are some possibilities of such precipitates 
and the homogeneous solubility of Mn 
ions seems to be limited to some extent, 
as found by our experiments.8) 
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Fig. 6, The paramagnetic (8) and ferro-
magnetic (T e) Curie tempera-
tures as a function of x in Snt-X 
M~nxTe,6) 
Similar studies have been performed on Get_xMnx Te system; the ferromagnetic 
ordering is also confirmed.9,lO) Cochrane et al.10 ) measured the susceptibility and 
magnetization of the alloy over a wide range of x(O<x<O.5) with hole concentration 
PR:::I021 em-a, and analyzed their results by a Ruderman-Kittel-Kasuya-Yoshida CRK-
KY) interaction characterized by an exchange interaction between the conduction 
carriers and the Mn ions with an exchange constant J. Their experimental results 
are shown in Fig. 7. In the paramagnetic regime, the magnetic susceptibility follows 
a Curie-Weiss relaion well above the ordering temperature, as shown in Fig. 7a for 
x=O.2. Figure 7b shows the concentration dependence of the Curie temperature 
determined by plotting the inverse low-field susceptibility against the temperature T. 
They noted that close to T e, the more concentrated alloys showed deviations from 
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(4.) ( b) 
Fig. 7. 10) (a) Temperature dependence of the inverse low-field susceptibility, 
I e-l, above Tc and the square of the magnetization MZ, at H=O.5 kOe 
below Tc indicating the independent determination of the Curie tem-
perature 8 and the ferromagnetic transition temperature Tc (x=O.2 
for Gel-xMnxTe). (b) Curie temperature 8 as a function of MnTe 
concentration x. 
the Curie-Weiss behavior, possibly as a result of a nonuniform distribution of MnTe. 
From their study of the magnetization of a series of Gel-xMnx Te alloys, it is made 
clear that all the alloys are ferromagnetic, even though MnTe itself is antiferro-
magnetic. At low concentrations (x<O .15), the results are summerized by the 
distinctive feature that all the experimental magnetic energies, 0, T c, and the spin-
wave dispersion coefficients are linear in the concentration. This behavior is very 
well explained by a simple RKKY model with s-d exchange constant J=0.9 eV, in 
excellent agreement with their previously reported independent determination from 
transport properties, J=0.8 eV.11l 
Their analysis of the problem is based on the simple RKKY interaction as well as 
a nearest-neighbor antiferromagnetic exchange between the manganese ions having 
a well defined local moment. The Hamiltonian for the Mn spins is expressed as 
H=- 21 ,SJ(i, j)Si·Sj ij 
...... · .. (1) 
where i, j are restricted to sites occupied by the Mn atoms which enter substitu-
tionally for Ge. JI(i, j) is the usual RKKY interaction; 
J ( . .) m*ao2 J2 ( sinaR ij - erR ijCOSaR i j ) - Rij!>" ......... (2) 1 Z, J 64n3h2 (Rij)4 e, 
where a=2kfao, kf being the Fermi momentum of the conduction carriers (holes) 
and ao the distance between nearest-neighbor Ge or Mn sites. A is the mean free 
path of the carriers, Rij is the distance between sites i and j in unit of ao. and J is 
the exchange interaction constant between the conduction holes and the manganese 
ions. The antiferromganetic term, J2(i, j), is taken as J2<0 when i and j are 
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nearest-neighbors and zero otherwise. 
magnetic transition temperature 
They deduced an expression for the ferro-
S(S+l) (1 1 )-1 
Tc=x 3kB Nf J(O)- J(k) , 
and the paramagnetic Curie temperature 
where 
Both these expressions are linear in con-
centration, as is observed experimentally 
for the range 0<x<0.3. 
Finally, we note the susceptibility meas-
urements on Sno. 91- xEux Te system made 
by Mathur et a/.m (EuTe is an antiferro-
magnetic material with TN=8-9 K); in 
Fig. 8 the reciprocal susceptibility is 
shown against the temperature for this 
alloy with constant carrier density (about 
1021 em-a) and with different Eu contents. 
In contrast to Mn ions, antiferromagnetic 
coupling of Eu ions is indicated at least 
for x >0.03. The effective moment per 
Eu ion is found to be about 7.5 fJ.B, indi-
cative of an Eu2+ ion (8S-state). 
3. Electron paramagnetic resonance 
(EPR) 
Next, we would like to see the behavior 
of magnetic impurities in the narrow-gap 
semiconductor from EPR studies. In 
general, in the case of an insulatior, a 
magnetic ion (localized electron spin) in 
question interacts with the crystalline 
field arising from the neighboring ions 
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Fig. 8. Reciprocal susceptibility of SnO.97-X 
EuxTe as a function of tempera-
ture.12) 
(electrostatically), the neighboring nuclear and electron spins (magnetically), and 
the lattice system, while in the case of metal the s-d interaction between the localized-
spin system and the conduction electron-spin system is of great concern.la ) The 
semiconductors in which we are interested also belong to the intermediate category 
between these two cases in the field of EPR. 
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We can see first the distinct difference between metal and semiconductor in the 
low impurity concentration region. According to the EPR experiments on Mn (0.01 
wt. %) in Pb-cha1cogenides (PbS, PbSe and PbTe) , 14> the spectrum at 1.3 K is 
found to consist of six equally spaced isotropic lines (hyperfine structure, HFS) 
centered near g=2; at 77 K the HFS lines were lifetime broadened and the structure 
was hidden. It can be fit by the Hamiltonian 
H=gpBH·S+AIS. ·········(6) 
The cubic-crystal-field splitting was not observed in these hosts. The Mn ion is the 
Mn2+ state (S=5/2 and nuclear spin 1=5/2) and the observed HFS constants A in 
the lead salts at 1.3 K are listed in Table 1. The magnitude of A, associated with 
a core-polarization of s-electrons, is known to represent a scale of ionicity or cova-
lency . 15) The large reduction of A in the lead salts, together with the value of fi in 
Table I, indicates that the bond is quite covalent in chemical nature. Furthermore, 
from the EPR on Eu2+ in PbSe Pifer obtained the hyperfine constants A151=29.2x 
10- 4 cm- 1 and A153=12.7 x 10-4 cnrl, the spectrum being the characteristic seven-line 
pattern of an 8S7/2 ion in a cubic field. The constants A of Eu2+ in SnTe were 
reported to be slightly smaller than those in PbSe;16) Urban and Sperlich compared 
the constants for various host crystals, as shown in Fig. 9. 
Toth et al.m studied in some detail the EPR linewidth of Mn ions in p-type PbTe 
as a function of temperature, carrier density, and Mn content. They distinguished 
three contributions to the observed linewidth JH; the results at 4.2 K are shown in 
Fig. 10. (i) Linewidth of a single Mn 
atom, JHh, which is mainly due to the 
hyperfine ineraction with neighboring nu-
clei, of the order of about 7 G. eii) The 
linear dependence (Fig. 10) of the line-
width on Mn content, which is explained 
by a Mn-Mn dipolar broadening, JHdip. 
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Fig. 9. The hyper fine structure con-
stant A of 151Eu as a function 
of the covalency c divided by 
the number of ligands n for 
various host lattices.16) 
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Mn CONCENTRATION (103 ppm) 
Fig. 10. The EPR linewidths of Mn in 
PbTe at 4.2 K,17) At this tem-
perature, there is no contribu-
tiondue to the carriers and 
we see the effect of the Mn-
Mn dipolar broadening on the 
resonance line. 
(iii) The width due to the effect of the 
carriers, AH sd, as illustrated in Fig. 11, 
where the dipolar broadening is subtract-
ed from the experimental linewidths. We 
should note that the linewidth depends 
only on carrier density, as shown by the 
three intermediate samples, which have 
very different Mn contents (150, 1350 and 
3000 ppm). They have interpreted the 
dependence of the linewidth on carrier 
density (Fig. 11) and its increase with 
temerature in terms of a Korringa reo 
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CARRIER CONCENTRATION (10'8cm- 3 ) 
Fig. 11. Linewidth for several tempera-
tUres against the carrier den-
sity after subtraction of the 
Mn-Mn dipolar broadening,1'l') 
laxation mechanism via a spin-exchage interaction between localized electrons and 
carriers. The spin-exchanged part of the Hamiltonian is written as j8-8 (r) where 
8 is the impurity spin and s(r) the carrier spin denstiy. The relaxation time is 
expressed by the Korringa formula 
1/T1=(64rr/Ji)J2[P(EF)]2kT, .... · .. ··(7} 
where P(EF) is the carrier density at the Fermi energy. The entire experimental 
data are well explained by the value J=0.07 eV. It is of great importance to note 
their discussion on the validity of using a Korringa mechanism to account for the 
observed linewidth: When the g-factors of the two systems of spins (Mn impurities 
and conduction carriers) become approximately equal, or more precisely when the 
exchange coupling becomes large compared to the energy difference Ji(Wd-wS),a 
perturbation is no longer valid, where Wd and Ws are the resonant frequencies for 
the localized spins and for the carriers, respectively. This is the case of dilute 
magnetic impurities in metals, and it has been treated by H. Hasegawa [Progr. 
Theoret. Phys. 21 (1959) 483J using a set of phenomenological equations in which 
the transverse magnetization of the two spin systems are coupled. This coupling 
leads to effects such as the "bottleneck effect", whereas in the Korringa case such 
effects cannot occur because of the absence of a coupling between the transverse 
magnetizations of the impurity and the carrier spins. 
On the other hand, the EPR measurements for SnTe are not so easy as those for 
Pb-chalcogenides. The reasons for this may be ascribed to the following features: 
(1) The as-grown SnTe crystals usually do not show the EPR signals characteristic 
of Mn ions, and a suitable heat-treatment results in the spin resonance lines (sub-
stitutional occupation of Mn atoms and the Mn2+-state).8) (2) The SnTe crystal 
shows commonly a p-type conduction, having many carriers (p=1020 -1021cm- 3). Its 
valence band consists of the light-mass and heavy-mass hole bands; the characteristic 
concentration of the carrier population between the bands is Pk=2 - 3 x 102°cm-3. (3) 
Since it has a large static dielectric constant (Table I), the carrier screening 
around the magnetic ions must be taken into account. We must note the above 
features for the SnTe case, otherwise it is difficult to observe the six HFS lines 
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even when the impurities are dissolved at low concentration level.*) Recently we 
have observed the HFS lines at 120 K for Mn (0.04 at. %) in SnTe with low carrier 
density (P<Pk) , determined the HFS constant A and estimated the Debye tempera-
ture from its temperature dependence (Table 1)19). It can be seen that SnTe is 
more covalent than Pb-chalcogenides. 
Furthermore, for higher Mn concentra-
tion (c>0.2 at. %) a single EPR signal 
is observed without HFS lines and the 
linewidth .dH depends on Mn content, 
carrier density, and temperature.18 - 20) 
The three contributions to .dH seem to 
be effective in the same way as discussed 
by Toth et al., but the term .dHsd of in-
terest is not clearly identified from our 
measurements in the range 120-480 K.2 0) 
Lately Cochrane et al.21l have measured 
the EPR linewidth of Mn in Sn Te with 
high carrier concentrations, as shown in 
Fig. 12. The general features are that 
the linewidth varies approximately line-
arly with temperature above the ferro-
magnetic ordering temperature, below 
which it is nearly constant. As for the 
case of PbTe,17l they analyze the data 
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Fig. 12. Temperature dependence of the 
linewidth of Mn in SnTe,21) car-
rier (hole) density p and the Mn 
concentration x in Sn1-xMnxTe 
being given in the figure. 
in terms of the Korringa mechanism with the exchange constant J=O.l eV. In 
practice, the measurements are mostly carried out on a powdered sample of SnTe 
because of a skin effect, but it is to be expected that a single crystal is preferable 
for further understanding of the mechanism involved. 
4. Transport properties 
Apart from the well-known metallic impurity conduction in semiconductor, one of 
the characteristics of a common semiconductor is that the electrical resistivity 
increases as the temperature is lowered. However, there are a number of carriers 
(mostly due to the lattice imperfections) in the narrow-gap semiconductors, and they 
occupy the conduction band or the valence band up to a Fermi energy of the order 
of 10-1 eV, so that the temperature depenence of the resistivity behaves like a metal. 
We here pay attention to the influence of the magnetic impurities on the transport 
phenomena. 
First, in these semicondu ctors the carrier density is found to be independent of 
the quantity of magnetic impurities present,l1,23) The impurities are neither donors 
*) A. W. Lightstone; private communication. 
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nor acceptors, showing that the impurity levels do not lie in the energy gap--the 
identification of the level in the band structure has been an interesting problem for 
many years.22) Second, in the case of Mn in SnTe crystal, the Mn ions act simply 
as ionized-impurity-centers responsible for the decrease in the carrier mobility at 
least above 77 K; in this case the carrier screening is effective.23l Third, the loca-
lized magnetic spins give rise to a magnetic scattering of the carriers. In this case 
it is of interest to see whether the resistivity minimum or maximum appears in the 
residual part of the resistivity near the magnetic ordering temperature Tc of the 
impurity ions, as observed in many dilute alloys. 
The resistivity measurements by Mathur et al. 12l showed no such an anomaly in 
SO.97-xMnxTe(x<0.1) in the range 4.2-100 K, presumably because of the roughness 
of the measuring points in the temperature scale. Detailed experiments show, 
however, a small resistivity maximum near the temperature Tc and the negative 
magnetoresistance; Ghazali et al. 24l found that Tcccc, while in our results T cccC1 {5 
and the maximum was not observed when the carrier density was higher (P>Pk) , 
where the resistivity decreased monotonically with decreasing temperature below 
Tc. 25l The results of Ghazali et al. are shown in Fig. 13. The maximum is 
SMT (S.4,.~2) 
P (10-ltn~ em) 
~~5 __ ~ __ ~ __ ~~~~ __ 
a 4 • & 10 12 
Fig. 13. (a) Resistivity vs. temperature for different alloys 
of (Snl-xMnx)O.97Te. Samples are denoted as SMT(x, 
y); x-Mn concentration in at. %, y-apparent carrier 
concentration in unit of 1021 cm-s. (b) Influence of 
the magnetic field on the critical behavior of the 
resistivity -full line, H=O-- broken line H=l kOe 
(after ref. 24). 
attributed to the critical scattering of carriers by spin fluctuation. They have 
derived an expression for T c based on the s-d exchange interaction, 
Tc=_l- _CJIJ)2 ncS(S+l). .. ....... (8) 
kB 4€FO 
Here 2n( P) is the carrier concentration, lJ the volume of unit cell. They estimated 
262 
the value of J to be 0.4 eV for c=5.4 
at. % Mn, with P=9.2 x 1020 cm- 3 and Tc 
=7.5 K. 
Other transport data are briefly re-
viewed here. Ghazali et ale measured fur-
ther the Hall angle, the Hall resistivity 
as a function of applied magnetic field 
at different temperatures (Fig. 14), and 
the magnetization curve at 4.2 K for 
Sno.97-:.vMn:.v Te. These data show that an S 
anomalous component is superimposed 
on the ordinary Hall voltage; the anoma-
lous Hall effect is the magnetization 
dependent part of the total Hall effect 
which is also referred to as extraordina-
ry or spontaneous. These effects are 
ascribed to the skew scattering of the 
current carriers and are calculated by 
taking account of two scattering mecha-
nisms; the first is the scattering by the 
local potentials of either native or Mn 
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Fig. 16. Correlation of magnetoresist-
ance at 4.2 K with square of the 
magnetization for a sample 
(SnTe)O.98(MnTe)o 2. The insert 
shows the resistivity at 4.2 K 
as a functien of manganese 
concen tra tion.26) 
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Fig. 14. Hall resistivity vs. magnetic 
field at different temperatures 
for SMT(6.1, 1.3).24) 
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Fig. 15. Temperature dependence of 
the Hall coefficient of p-type 
Snl-xMn:.vTe (P=8XI020 em-a) 
measured at 6000 Oe.6) 
defects and the second involes a combi-
nation of the exchange part of the scat-
tering associated with Mn ions. Also 
Cohen et ale reported the similar extra-
ordinary Hall effect in (SnTe)l_x(MnTe)x 
alloy at the magnetic ordering tempera-
ture; their results are demonstrated in 
Fig. 15. 6 ) Moreover, for this alloy system 
the negative magnetoresistance is observ-
ed.24 -261 In Fig. 16 is shown a typical 
result observed by Cochrane et al.26 ) If 
ell-em 
G"ieo---o--~O-O--­
,...0 
3 10 30 
rOK 
100 300 
Fig. 17. Resistivity of the GeTe-MnTe 
alloys as a function of tempe-
rature; Po is the residual resis-
tivity of GeTe.27) 
the magnetoresistance is governed by 
spin-flip scattering then a second order 
perturbation calculation yields the fact 
that ,dP, the change in resistivity due to 
the application of a magnetic field, should 
vary as the square of the magnetization, 
in quite good agreement with the experi-
mental result. 
In addition, the spin-dependent carrier 
scattering is also reported for Gel_xMnx 
Te system ;27) some data are shown in 
Figs. 17-19. It is shown that there is 
an important contribution to the resistiv-
ity due to s-d scattering, the normal 
s-s scattering closely following the Nord-
heim's law. The excess resistivity due 
to s-d scattering, which exists at all tem-
Fig. 18. 
10'1 
10 
263 
Variation of the residual resis-
tivity of Get-xMnxTe with the 
Mn concentration at 4.2 K.27) 
0,05 q10 x 
Fig. 19. Residual resistivity vs. Mn con-
centration;21) the values of dp 
are those of Fig. 18. dpss is 
proportional to x(1-x) and 4Psd 
to X2, where dp= dpss+dpsd. 
peratures, is found to be proportional to the square of the Mn content of the alloys. 
5. Summary 
As we have seen thus far, all the phenomena associated with the magnetic impu-
264 
rities dissolved in narrow-gap semiconductors seem to be in fact the same as those 
found in magnetic dilute alloys, and these can be explained essentially by the sod 
interaction model,28) or the sod like exchange coupling between the localized magnetic 
moments and the conduction carriers. However, as we have described already, we 
would like to emphasize that there must be a fundamental difference between the 
semiconductor and metal; the crystalline environment around the impurity. 
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